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Abstract 
Due to many advantages, swash plate pumps are wide spread in hydraulic systems. The 
main advantages are the through drive capability, the adjustability and most of all, the 
high power density. Their application range is limited, historically, to 450bar including 
medium and higher volume sizes. In higher pressure range, constant pumps such as 
wobbling disks or radial piston pumps are normally used. This is because the higher 
stressed parts can be dimensioned much bigger. Pumps with lower power such as 
constant displacement gear pumps are generally used in low price applications. 
In order to enlarge the application range of swash plate pumps, their advantages have 
to be further improved and strengthened. This paper shows by example how the 
pressure of the basic series A4VSO was increased up to a nominal pressure of 630bar 
and the historical pressure mark of 450bar could be exceeded. This increase in pressure 
level enables for example steel treatment manufacturers to reduce their component sizes 
without the need of a pressure transducer. Furthermore the power density of the 
redesigned HA4VSO was increased by 36%, compared to the standard A4VSO, by 
significantly increasing the self-priming speed.  
On the other side of the application range, in lower power mobile applications such as 
small tractors, forklift and skid steer loader, there is an increasing demand for less 
exhaust emissions and better fuel economy. The energy saving potential by changing 
from a hydraulic system with constant hydraulic pumps to variable hydraulic pumps is 
already proven on high power applications. By developing the variable axial piston pump 
A1VO to the requirements of lower horse power application, it is now also possible to 
realize such savings in lower horse power applications. 
Furthermore efficiency of the pump itself can be improved. An example of this is shown 
by way of the new A4 series 33. 
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1. Historical application range 
The swash plate pump is a long-known design, cf. /1/. Because of wear problems in 
earlier development stages, high quantities were only reached in the last few decades. 
Today, the swash plate design is deemed to be the most significant hydrostatic piston 
machine /2/, /3/. 
The advantages of axial piston pumps with swash plate design is the high nominal 
pressure level, variability of the displacement, beneficial efficiencies, through drive 
capability and low mass of inertia. Typically, swash plate pumps are used in applications 
with high technical requirements, for example construction, agricultural and industrial 
machinery /4/. 
Figure 1 shows that in comparison to other pump designs, the axial piston pump design 
is characterized by the highest efficiencies with typical applications for middle to high 
pressure ranges, traditionally used in mobile and industrial hydraulics. The specific 
speed nq on the x-axis is a function of the speed, flow and specific pump work. 
 
Figure 1: Extended “Cordier” diagram /5/ 
Besides the nominal pressure, more characteristics are relevant for an excellent 
hydrostatic drive. These are the duration ratio at maximum power, the power ratio, 
efficiency, speed ratio at atmospheric inlet pressure, the number of possible operation 
modes as well as the required controllers. Another important criteria, noise, is discussed 
in /6/ and therefore not included in this paper.  
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2. Strengthening the strength of swash plate pumps: power density 
The performance criteria concerning the rotary group can be summarized to power 
density. This is also the main strength of swash plate pumps and therefore the key to the 
future. In order to increase this strength of swash plate pumps even more, power density 
needs to be increased even more: 
     (1) 
Equation (1) shows the guideline for the further development of swash plate pumps. 
Therefore we see four directions to develop. Operating pressure needs to be increased, 
as well as speed increased, efficiency optimized and the packaging (Vg/m) improved. 
Furthermore, this performance has to be produced within a reasonable cost range to 
provide an optimal Total Cost of Ownership to the customer. 
In the following it is shown, how recent developments at Bosch Rexroth meet these 
requirements in increasing the strength of swash plate pumps and build the key to the 
future. 
2.1. Rising the pressure level 
Especially in steel plants high pressures are demanded in order to keep the sizes of the 
cylinders and the framework as small as possible. In order to do so, expensive pressure 
intensifiers are needed to increase the pressure up to a typical level of well above 600bar. 
In order to reduce the installation equipment, a high pressure pump is required, that 
directly provides such a high pressure level. 
 
Figure 2: Reduced installation equipment in steel plants with A4VHO450 
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To fulfil this requirement the development of the new A4VHO was started. The intention 
is to provide a pump that can handle a nominal pressure of 630bar and a maximum 
pressure of 700bar. This development is based upon the A4VS family which can 
already handle a nominal pressure level of 450bar in the A4VBO version. 
 
Figure 3: A4VHO450 as new member of the A4VS family 
This new pressure level leads to very high contact pressures inside the rotary group and 
therefore many improvements have been carried out. For example, a specially formed 
contour in the slipper pads was introduced in order to reduce the stress and handle 
higher loads. With this new design, stress was reduced significantly, making the slipper 
pad suitable for pressure peaks up to 700bar. 
Another very important task is the balancing of the cylinder barrel, which was not 
designed for 700bar initially. Logically the optimal design for the feed-through in the 
cylinder barrel are circular holes. Furthermore the hydraulic balancing varies with the 
alternating piston forces, due to the odd number of pistons. This gets even more 
important, when coming to higher pressures. In order to have a very well balanced and 
stable running cylinder barrel, the balancing was designed in a totally new way. 
With this new design, hydraulic balancing is adapted to the alternating piston forces and 
therefore no longer varies significantly. This enables the cylinder barrel to run very 
smoothly. 
In order to qualify the pump for a maximum pressure of 700bar a special test was set up. 
Both pumps were set up as a tandem unit with one driveshaft, one unit operating as 
pump and the other unit operating as motor. The high pressure side was fed directly from 
the pump into the motor via a steel pipe. In this way standard testing equipment could 
be used and the secondary unit is already tested in motor mode. 
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Figure 4:  Testing the A4VHO for peak pressure 700bar 
With this features and testing technique, the first commercially available swash plate 
pump A4VHO for peak pressures up to 700bar was developed. 
2.2. Increasing speed 
Increasing the speed of swash plate pumps gives the customer the opportunity to 
downsize installed electrical engines and therefore reduce their installation costs 
significantly. Especially if the pump can operate at ambient pressure and no boost of the 
suction is required. 
The development of the new HA4VSO was therefore started. The intention is to provide 
a pump that operates at ambient pressure of 1barA and can provide 250l/min at a speed 
of 3.600rpm.  This development is based upon the A4VSO family. 
 
Figure 5: HA4VSO as member of the A4VS family 
This increase of speed of 36% compared to the standard version demands a very good 
suction performance of the rotary group and of the entire suction line. This development 
only became possible due to new design methods such as CFD-simulation. A very 
important part in this optimization are the oil flow conditions from the suction line into the 
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cylinder barrel. This task was optimized using Computational Fluid Dynamics technology 
(CFD). In this way, suction conditions were improved significantly. 
                
Figure 6: CFD simulation of cylinder barrel and suction line 
Considering the complete suction installation of the customer's application is just as 
important. The entire pressure loss from tank to cylinder barrel was considered in the 
CFD-Analyses. This and more optimizations lead to the first pump size 71 that can 
operate at 3.600rpm at full stroke and ambient pressure. This results in a significant 
increase of power density of 36% compared to the standard version, which gives a huge 
advantage to the customer and his applications. 
2.3. Increasing Efficiency 
Thinking ecologically and economically it is important for hydraulic systems to have high 
efficiency. In this paper two examples are shown, how the swash plate pump can firstly, 
improve the efficiency of the system and secondly, how its own efficiency can further be 
improved. 
2.3.1. System Efficiency 
Every hydraulic system has to be set up according to the maximum required horse 
power. This includes the hydraulic pumps which have to be selected to fulfil the maximum 
flow and pressure demand. 
The open-center hydraulic system is still used in low power mobile machinery because 
of the low installation costs. As long as the system is running at the maximum flow and 
maximum pressure the efficiency is good. Looking at the load cycle of many applications, 
most of the time full flow and full pressure is not needed. During these periods constant 
pumps are still generating full flow at maximum pressure, which leads to a high loss of 
energy. 
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Figure 7: Hydraulic systems with constant and variable hydraulic pump 
One step towards a better efficiency is a load sensing hydraulic system, with constant 
hydraulic pumps. As opposed to the open-center, the hydraulic system is sensing the 
pressure demand and is lowering the pressure level according to the required level. 
Nevertheless the generated flow cannot be adjusted, which leads to energy losses during 
these working conditions. 
Only by using a variable displacement pump, is it possible to adjust the pressure and 
flow in all working conditions to the real demand of the hydraulics system. 
In high power applications open-center systems with variable hydraulic pumps are state 
of the art and have already proven the huge potential of energy saving. Actual analyses 
of low power application load cycles show that there is a big energy saving potential, too. 
The following figure shows a typical load cycle of a 90 hp tractor. 
 
Figure 8: Load cycle distribution 
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Variable axial piston units open up significant saving potentials in the partial load range. 
This includes all work which does not demand full hydraulic power, such as vibration 
damping of the attachment, the chassis and the cabin while traveling on field and road. 
Also steering movements or various other activities in the yard and the field. Accounting 
for more than two thirds of the time, such operations considerably outweigh the times 
under full load or in standby mode when the possible savings are nearly zero due to 
system considerations. The engine characteristics of the diesel can be used to calculate 
the actual fuel consumption per cycle, enabling a comparison between a variable 
displacement pump and a constant displacement pump. The maximum savings result – 
as shown in the table – when the diesel motor only provides as much power as actually 
needed. 
 
Figure 9: Maximum savings potential per operating hour 
Based on this typical tractor load cycle fuel savings between 10 and 15 % per operating 
hour in mixed use is realistic. Assuming a life time of 6,000 hours for the tractor, this 
translates into fuel savings of up to 10,000 liters.  
Similar calculations have been made for a typical forklift application. Based on the 
Transport & Opslag-cycle, a de-facto standard load profile for forklift trucks, the expected 
fuel savings amount to 0.7 liters per hour. This translates into approximately 7,000 liters 
of fuel savings during the 10,000 hours of typical machine life of a forklift truck. 
When comparing a variable hydraulic pump fan drive with a conventional belt drive, the 
savings potential becomes evident. Based on the typical fan drive duty cycle in a 
combine harvester, as provided by a major manufacturer, the calculations show a fuel 
saving of 3.9 liters per hour which results in over 29,000 liters during the average life 
time of 7,500 hours. 
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Depending on the respective load cycles, similarly great fuel savings can be achieved in 
many other application areas – and all without sacrificing performance. 
2.3.2. Pump Efficiency 
If the system is already optimized for high efficiency, energy consumption can be further 
improved by increasing the efficiency of the swash plate pump. Therefore, the new 
A4VSO / VSG / CSG series 33 is specially optimized for efficiency. 
The first step for this improvement is to know, where the losses occur. Figure 11 shows 
the distribution of the power loss in a swash plate type piston pump. 
 
Figure 10: Distribution of power losses in a swash plate type compact pump 
The importance of the piston contact is described in /7/. Furthermore, splashing losses 
show a huge potential to further improve the efficiency as also shown in /8/ and /9/. 
Regardless, a totally empty housing is not preferred since the bearings and shaft seals 
need to be lubricated and cooled. A detailed analysis of the splashing losses was 
therefore performed and validated with measurements. 
     
Figure 11: CFD simulation of the splashing losses in a swash plate piston pump 
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In this detailed simulation the location of the main splashing losses was identified and 
solutions were found to improve the splashing losses significantly without needing an 
empty housing. This and more features are implemented in the new A4VSO/VSG/CSG 
series 33 and lead to a significant improvement in total pump efficiency. 
 
 
 
 
 
Figure 12:  Efficiency diagramm A1VO 
The A1VO proves that closing the price gap to a constant pump does not mean making 
any compromises on performance or efficiency. The internal hydrodynamic bearings 
such as cylinder / piston, cylinder / distributor plate, piston shoe / swashplate are 
optimized to realize a maximum overall efficiency well above 90% and a high efficiency 
level in a wide range of operation.  
2.4. Total cost of ownership and pump pricing 
To perform transition of lower power mobile machinery to an energy efficient load 
sensing system with variable displacement pumps, the key to success is to close the 
price gap to open-center systems and load sensing with constant pumps. The A1VO 
enables such an attractive price/performance ratio by significantly reducing the number 
of different variants, moving all ports to one part, reducing the amount of internal parts. 
Also the optimized design allows for an efficient high quantity production and assembly. 
                       
Figure 13: Variable displacement pump A1VO 
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3. Conclusion 
The measures shown in this paper make the swash plate pumps the key to the future. 
The main advantages are through drive capability, adjustability and most of all the high 
power density. It is shown how the already high power density can be increased even 
further by increasing pressure, speed and efficiency. 
The paper shows by example how the pressure of the A4VSO basic series was 
increased up to a nominal pressure of 630bar which is a pressure increase of 40% 
compared to the A4VBO. Furthermore the suction speed at ambient pressure of the new 
HA4VSO is increased by 36% compared to the standard A4VSO. Additionally, the new 
A4VSO series 33 gives significantly higher efficiency than its predecessor series 30. 
The energy saving potential by changing from a hydraulic system with constant hydraulic 
pumps to variable hydraulic pumps is already state of the art. By optimizing the variable 
axial piston pump A1VO to the requirements of lower horse power application, it is now 
possible to realize such savings in lower horse power applications, as well. 
The A1VO proves that closing the price gap to a constant pump does not mean making 
any compromises on performance or efficiency.  
All these measures make the swash plate pump the key to the future. 
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5. Nomenclature 
m mass  
n drive speed  
Peff effective output power  
Δp pressure difference  
Vg geometrical stroke volume  
Φ power density  
η efficiency  
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